Background: Mutations in menin cause Multiple Endocrine Neoplasia type 1 (MEN1).
Multiple Endocrine Neoplasia type 1 (MEN1)
is characterized by tumors of the parathyroid, enteropancreas and anterior pituitary. The MEN1 gene encodes the tumor suppressor menin of 610 amino acids that has multiple protein partners and activities. The particular pathways, that when lost, lead to tumorigenesis. are not known. We demonstrated that members of a three-generation MEN1 kindred are heterozygous for a donor splice-site mutation at the beginning of intron 3 (IVS3+1G>A). Lymphoblastoid cells of a mutant gene carrier had, in addition to the wild-type menin transcript, an aberrant transcript resulting from use of a cryptic splice-site within exon III that splices to the start of exon IV. The predicted menin Δ(184-218) mutant has an inframe deletion of 35 amino acids, but is otherwise of wild-type sequence. The transfected menin Δ(184-218) mutant was well expressed and fully able to mediate the normal inhibition of the activity of the transcriptional regulators JunD and NF-κB. However, it was defective in mediating TGF-β-stimulated Smad3 action in promoter-reporter assays in insulinoma cells. Importantly, lymphoblastoid cells from an individual heterozygous for the mutation had reduced TGF-β-induced (Smad3) transcriptional activity, but normal JunD and NF-κB function. In addition, the mutant gene carrier lymphoblastoid cells proliferated faster and were less responsive to the cytostatic effects of TGF-β than cells from an unaffected family member. In conclusion, the menin mutant exhibits selective loss of the TGF-β signaling pathway and loss of cell proliferation control contributing to the development of MEN1.
Menin is the product of the multiple endocrine neoplasia type 1 (MEN1) gene which when inactivated is responsible for an autosomal dominant disorder characterized by the combined occurrence of tumors of the parathyroids, endocrine pancreas and anterior pituitary (1, 2) . The 610-amino acid protein has carboxyl-terminal nuclear localization sequences and is predominantly nuclear (3, 4) . Over 500 independent germ line and somatic mutations scattered throughout the protein-coding region have been identified (5) . Most of the mutations (~80%) are nonsense or result in a frameshift predicting an inactive truncated product. In addition, missense mutations (~20%) have been identified and the mutants are targeted to the ubiquitin-proteasome pathway and degraded (6, 7) .
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This would be consistent with menin acting as a tumor suppressor, and a complete lack of menin, caused by loss of both MEN1 alleles, resulting in eventual tumor development.
In the nucleus menin acts as a scaffold protein to regulate gene transcription by coordinating chromatin remodeling (8) (9) (10) . Menin is implicated in both histone deacetylase (HDAC) and histone methyltransferase activity (HMT), and via the latter, regulates the expression of cell cycle kinase inhibitor (CDKI) and homeobox domain genes (11) (12) (13) (14) (15) . Menin interacts with several transcription factors including JunD (16) , NF-κB (17) and Smads (18) (19) (20) , and modulates their activities.
JunD is a member of the activator protein-1 (AP-1) transcription factor family and in contrast to other Jun and Fos proteins has antimitogenic activity (21) . Of all the AP-1 family members, menin interacts only with JunD and represses its transcriptional activity by association with an mSin3A-HDAC complex (16, (22) (23) (24) . Studies in fibroblasts have suggested that the nature of JunD can change depending upon whether it is bound by menin when it functions as a growth suppressor or is not bound by menin in which case it acts as a growth promoter like other AP-1 family members (25) . However, the results of JunD-menin interaction may be cell-type specific as JunD has a differentiating effect in osteoblasts, an action that is inhibited by menin (26) .
The NF-κB family of transcriptional regulators activate the genes for growth factors and their cellular receptors. NF-κB is deregulated and overexpressed in several human neoplasms. Menin interacts directly with the p65, p50 and p52 NF-κB proteins and acts as a repressor of NF-κB-mediated transcriptional activation (17) .
The cytokine transforming growth factor (TGF)-β and family members provide cytostatic signals that limit G1 progression and cell proliferation (27) . TGF-β activates a membrane complex of serine/threonine kinase receptors that phosphorylates Smad2 and Smad3 that associate with Smad4 and the complex translocates to the nucleus where it regulates transcription in combination with coactivators and corepressors. A subset of the regulated genes is critical for arresting cells in G1 and in epithelial cells this involves induction of some CDKIs. Smad2, -3, and -4 are considered to be tumor suppressors and mutations in several components of the TGF-β signaling pathway contribute to a wide variety of cancers.
We have demonstrated that menin is a Smad3-interacting protein and inactivation of menin blocks TGF-β and activin signaling antagonizing their growth inhibitory properties in anterior pituitary cells (18, 28) . We have shown that in cultured parathyroid cells, menin depletion achieved by antisense oligonucleotides led to loss of TGF-β inhibition of parathyroid cell proliferation and parathyroid hormone (PTH) secretion (29) . Moreover, the ability of TGF-β to inhibit proliferation and PTH production was lost in parathyroid cells from MEN1 patients (29, 30) .
In the present study we identified a novel MEN1 splice-site mutation with functional properties that shed new light on the mechanism of menin action. Lymphoblastoid lines were established from family members heterozygous for the mutation or homozygous for the wild-type MEN1 gene, respectively. The protein derived from the mutant transcript has an internal deletion of 35 amino acids, and we designated the mutant protein as menin(Δ184-218). The JunD, NF-κB and Smad3 transcriptional activities and proliferation rates and ability to mediate upregulation of CDKIs, p15 and p21, in response to TGF-β, of the mutant relative to wild-type were determined in the lymphoblastoid cell lines to allow an unbiased evaluation of wild-type functions retained by the mutant and those that were lost. The mutant was also evaluated for its HMT activity and its ability to interact with JunD, NF-κB and Smad3.
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3TP-Lux transcription assay-Lymphoblastoid cells, either homozygous for the wild-type, or heterozygous for the splice-site MEN1 gene mutation, were seeded at a density of 2 x 10 5 cells per 6-well plate. Cells were transfected 24 h after with 0.5 µg of the reporter (p3TP-Lux) or control (pGL3) constructs either without or with the wildtype menin cDNA (50 ng) and the pCH110 plasmid expressing β-galactosidase (0.1 µg) using Lipofectamine. Fifteen hours later, the medium was changed to DMEM containing 1% FBS, and the cells were incubated for an additional 9 h. Thereafter, cells were cultured for 24 h in the absence or presence of TGF-β in DMEM containing 0.2% FBS. Cells were lysed, and the luciferase activity was measured and normalized to the β-galactosidase activity.
Rat insulinoma Rin-5F or somatolactotrope GH4C1 cells were seeded at a density of 2 x 10 5 cells per 6-well plate. Cells were transfected 24 h after with 0.5 µg of the reporter (p3TP-Lux) or control (pGL3) constructs either without or with empty vector or with the wild-type menin vector alone or with the Δ(184-218) mutant vector alone or with both. Fifteen hours later, the medium was changed to DMEM containing 1% FBS, and the cells were incubated for an additional 9 h. Thereafter, the cells were cultured for 24 h in the absence or presence of TGF-β in DMEM containing 0.2% FBS. Cells were lysed, and the luciferase activity was measured. JunD and NF-κB transcription assaysLymphoblastoid or Rin-5F cells were seeded as above and 24 h later transfected with 0.5 µg of the reporter [AP-1(7x)] or control (pGL3) constructs without or with JunD cDNA and either empty vector alone or wild-type menin or menin mutants, Δ(184-218), H139D or A242V. Twenty-four hours later, the cells were lysed and the luciferase activity was measured.
Lymphoblastoid or Rin-5F cells were seeded as above and 24 h later transfected with 0.5 µg of the reporter [NF-κB(6x)] or control (pGL3) constructs either without or with empty vector or wild-type menin or menin mutants, Δ(184-218) or Δ(278-477). Fifteen hours later, the medium was changed to DMEM containing 1% FBS, and the cells were incubated for an additional 9 h. Thereafter, the cells were cultured for 24 h in the absence or presence of IL-1β in DMEM containing 0.2% FBS. Cells were lysed, and the luciferase activity was measured. GST-tagged protein production in E. coli-E. coli BL21(DE3) (Invitrogen) expressing GST or the GST-menin plasmids (WT and mutants) in LB containing 100 µg/ml ampicillin were cultured with shaking overnight at 37°C. The cultures were diluted 1/1000 into 500 ml of 2x YT medium (100 µg/ml ampicillin) and grown with vigorous agitation at 37°C to an OD 600 of 0.5. Isopropyl-1-thio-β-D-galactopyranoside (IPTG) (Invitrogen) was added to a final concentration of 1mM and incubation continued at 30°C for 6 h. Bacteria were pelleted by centrifugation at 4°C and resuspended and lysed in 1x PBS buffer with protease inhibitors (Sigma Cat. # P8465) and 1% Triton X-100, followed by sonication. Cell debris was pelleted by centrifugation and supernatants were stored at -80°C.
GST fusion proteins were batch purified with Glutathione Sepharose 4B beads (GE Healthcare) by rocking at 4°C overnight. The beads were pelleted by centrifugation at 1000 x g at 4°C and washed 4 times with cold PBS. GST-pulldown assays with cell extracts-GH4C1 cells transiently transfected with GFP or GFPtagged menin WT and deletion constructs were lysed in RIPA buffer containing protease inhibitors (Complete Mini; Roche) and incubated with GST or GST-Smad3 fusion proteins coupled to glutathione beads overnight at 4°C on a rotating shaker. The beads were pelleted by centrifugation at 1000 x g (4°C) and washed 4 times with cold RIPA buffer. The beads were boiled in Laemmli buffer and the released proteins were separated by SDS-PAGE. Western blot analysis was performed and the membranes probed with anti-GFP antibody (Clontech). Western blot analysis-Flag-tagged menin WT and mutated cDNAs were transfected into 100-mmdiameter dishes of Rin-5F or GH4C1 cells. Total cell lysates were prepared, and equal amounts of protein were used for Western blot analysis of menin, p15, p21, and tubulin (as a loading control) with anti-Flag, anti-p15, anti-p21, and anti-ß-tubulin antibodies, respectively, as described (7). Endogenous menin was detected in lymphoblastoid cells using an anti-human menin antibody (Abcam, Cambridge, MA). Cell proliferation-Cell proliferation assays were conducted as described (18) . Histone methyltransferase assay-Cells (HEK293, Rin5-F) were transfected with Flag-tagged menin wild-type or Δ(184-218) mutant (or other mutants) and harvested 48 h later and lysed in RIPA buffer. Cell lysates were incubated with M2(Flag)-agarose (Sigma) at 4 C for 16 h. After washing 3 x with PBS containing 0.1% NP40, immunoprecipitates were assayed for histone methyltransferase (HMT) activity using a kit (Upstate, Temecula, CA) according to the manufacturer's protocol.
GST
The substrate for the HMT activity comprised core histones, including histone H1, purified from chicken erythrocytes. For the HMT assay, each reaction contained 0.55 µCi adenosyl-L-methionine, S-[methyl-
3 H] (55 Ci/mmol; GE Healthcare) in a total volume of 10 µl (25 mM Tris-HCl, pH 9.0, 250 µM dithiothreitol, 1mM PMSF) with 2 µg chicken core histones without or with immunoprecipitate from 1 mg total cell lysate (see above) of cells that had been transfected with wild-type or mutant menin constructs. Reactions were incubated at 30°C for 30 min. Five µl aliquots were captured on cellulose phosphate paper, washed with 10% trichloroacetic acid, and 95% ethanol and dried and counted in a scintillation counter. Protein arginine Nmethyltransferase 1 (PRMT1) (Cat # 14-474; Upstate) was the positive control. Homology modeling of human menin-An alignment of the sequences of human menin (accession no. AAC51228) and the Nematostella vectensis menin (accession no. A7RZU9) was made as described (32) . A homology model of human menin based on the Nematostella menin crystal structure (32) , PDB accession code 3RE2, was built using Modeller 9v8 (33) . Energy minimization was performed on the model using the YASARA energy minimization server (34) . In a second approach, the human menin sequence was submitted to MODBASE (http://modbase.compbio.ucsf.edu/modbasecgi/index.cgi) and a single model based upon the Nematostella structure, was derived by ModPipe using the Modeller program (35) . Very similar structures were obtained using the two approaches.
Figures were prepared with PyMOL v1.0. Analysis of conservation of the human menin sequence was made with ConSurf (36) . Statistical analysis-The data are means ± SEM. Statistical comparisons employing Graph-Pad Prism Version 4.00 analysis software (GraphPad Software, Inc., San Diego, CA, USA) were made using the unpaired two-tailed Student's t test, and a P value < 0.05 taken to indicate a significant difference.
RESULTS
The family-The proband (II-2) (Fig. 1A) , a 51-yrold male (father), presented with hyperparathyroidism (HPT) and a gastrinoma. The grandfather (I-1) (82-yr-old) has a history of HPT. The three children (III-1, III-2 and III-3) (19-, 17-and 14-yrs-old) are presently healthy. Identification of MEN1 mutation-Direct sequence analysis of MEN1 PCR amplicons of proband II-2 (father) identified a heterozygous mutation of a G to A transition at position +1 of intron 3 (Fig. 1B) . The grandfather (I-1), and the son (III-1) and one of the daughters (III-3) were heterozygous for the mutation that led to the loss of a FauI restriction enzyme site present in the wild-type sequence (Fig. 1C) . The son and daughter continue to be closely monitored in view of the fact that the onset of HPT and other clinical manifestations of MEN1 may not occur until after age 20 (37) . The DNA of the other daughter (III-2) did not carry the mutation. This nucleotide change was not found in 100 MEN1 gene alleles from 50 unrelated normal individuals. Minigene constructs: some aberrant splicing of the menin pre-mRNA occurs normally-To further study the consequences of the donor splice-site mutation, minigene constructs were made by cloning a 2554-bp genomic PCR product comprising part of exon 2, intron 2, exon 3, intron 3 and exon 4 of the MEN1 gene into a mammalian expression vector ( Supplementary Fig. S1A ). Both wild-type and mutant constructs were prepared and transfected into the insulinoma Rin-5F cell line. RT-PCR analysis of RNA from transfected cells and DNA sequence analysis of relevant products showed that with the mutant minigene, the major transcript was 687-bp rather than the predominant product of 792-bp of the wild-type minigene transfected cells ( Supplementary Fig. S1 , B and C). An equivalent small amount of wild-type product was observed in both the empty vector and the minigene transfected cells representing amplification of the endogenous menin pre-mRNA. Therefore, no properly spliced menin mRNA was contributed by the mutant minigene. It can be noted that splicing of the wild-type minigene pre-mRNA was not 100% efficient; the same mutant transcript was produced approximately 10% of the time ( Supplementary Fig. S1C ).
The menin Δ(184-218) protein, like wild-type menin, is stable-The mutation in the gene results in an in-frame deletion of the last 105 nucleotides from exon 3 in the mature mRNA (Fig. 2E) . The consequence at the protein level is an internal deletion of 35 amino acids encoded by exon 3, with the rest of the protein being of wild-type sequence (Fig. 2E) .
Some menin missense mutants are unstable and are rapidly degraded (6, 7) . To test whether this was the case for the menin Δ(184-218) protein, Flag-tagged wild-type menin, menin mutant, Δ(184-218), W423R, and S443Y cDNAs or empty vector were transfected into Rin-5F cells. Western blot analysis showed that the 65-kDa menin Δ(184-218) was well expressed like the 69-kDa wild-type menin whereas the menin missense mutants, W423R and S443Y were very poorly expressed (Fig. 2F) . During a 4-h addition of cycloheximide (CHX) to inhibit de novo protein synthesis, the Δ(184-218) mutant was almost as stable as wild-type menin in contrast to the W423R and S443Y mutants that were cleared rapidly (Fig. 2 , G and H) Hence, loss of menin activity cannot be ascribed to poor expression of the Δ(184-218) mutant. The menin Δ(184-218) mutant, like menin wildtype, localizes to the nucleus. Nuclear localization signals (NLSs) located at the COOH-terminus are critical for directing menin to the nucleus (3), although, potentially, mutations in other parts of the molecule could affect this function. To test this possibility, enhanced green fluorescent protein (EGFP)-tagged menin constructs were transfected into HEK293 cells and the coincidence of the fluorescence of the expressed proteins and nuclear staining with DAPI was assessed. EGFP-tagged menin Δ(184-218) was localized to the nucleus like EGFP-menin wild-type whereas an EGFPmenin Δ(478-610) lacking the critical NLSs did not ( Supplementary Fig. S2 ). Hence, the menin Δ(184-218) mutant is fully competent in achieving nuclear localization. The menin Δ(184-218) mutant, like wild-type menin, inhibits AP-1-and NF-κB-mediated transcriptional responses-Transcriptional regulators that interact with menin, resulting in altered gene transcription, include JunD (16), a member of the activator protein-1 (AP-1) family, and members of the nuclear factor-κB (NF-κB) 6 family (17). Therefore, we evaluated the ability of the Δ(184-218) mutant in comparison with wildtype menin to modulate AP-1-and NF-κB-mediated transcriptional responses in rat insulinoma cells.
The Rin-5F cells were transfected with the AP-1 (7x) construct having a synthetic promoter containing seven AP-1 sites in tandem driving a luciferase reporter gene. Cotransfection of a JunD expression vector resulted in a 6.5-fold increase in transcriptional activity relative to empty vector (Fig. 3A) . Cotransfection of wild-type menin or the Δ(184-218) mutant with JunD reduced transcriptional activity to basal levels. For comparison, menin H139D or A242V missense mutants when transfected with JunD failed to reduce the JunD-stimulated transcriptional activity at all (Fig. 3, A and B) . The H139D and A242V mutants were chosen because they have previously been shown to lack JunD binding and the ability to repress JunD-activated transcription in mammalian cells (16) . Therefore, the menin Δ(184-218) mutant is fully functional with respect to modulating JunD transcriptional activity. Similar findings were obtained in GH4C1 cells (data not shown).
The Rin-5F cells were transfected with the NF-κB(6x) construct having six consensus κB elements in tandem upstream of a luciferase reporter gene . Cells were stimulated or not with interleukin-1β (IL-1β) that binds its cell-surface receptor that signals NF-κB proteins to be translocated to the nucleus and activate genes via κB elements in their promoters. IL-1β treatment provoked a 22-fold increase in luciferase activity (Fig. 3C) . Co-transfection with either wild-type menin or the Δ(184-218) mutant almost completely abrogated the response to IL-1β. However, cotransfection of a menin Δ(278-477) mutant had no effect on the ~20-fold stimulation in luciferase activity brought about by IL-1β (Fig.  3, C and D) . Similar findings were obtained in GH4C1 cells (data not shown). It can be surmised from previous studies that the Δ(184-218) mutant would, similar to wild-type menin, bind NF-κB proteins like p65, whereas the Δ(278-477) mutant would not (17) . Hence, the Δ(278-477) mutant would be unable to modulate NF-κB transcriptional responses. The present data are consistent with this supposition. Therefore, the Δ(184-218) mutant is as effective as wild-type menin in inhibiting NF-κB transcriptional activity.
In addition, the Δ(184-218) mutant was as effective as wild-type menin in modulating AP-1 ( Supplementary Fig. S3 , A and B) and NF-κB ( Supplementary Fig. S3 , C and D) transcriptional activities in the lymphoblastoid cells of MEN1 family members.
Patient lymphoblastoid cells and TGF-β-mediated transcriptional responses-Menin inactivation by
antisense RNA antagonizes inhibition of cell proliferation by TGF-β and this occurs because of impaired gene transcriptional responses to TGF-β. Menin interacts specifically with Smad3, and antisense menin suppresses TGF-β-induced transcriptional activity by inhibiting DNA binding of the Smad3/4 complex at specific transcriptional regulatory sites (38) .
To assess TGF-β-transcriptional responses in MEN1 family member lymphoblastoid cell lines, they were transfected with the 3TP-Lux construct containing a TGF-β-responsive promoter driving the luciferase reporter gene. Treatment of 3TP-Lux transfected wild-type cells with TGF-β brought about a six-fold increase in luciferase activity; however, a stimulation of only three-fold was achieved in the mutant cells under identical conditions (Fig. 4, A and B) . Cotransfection with a construct expressing wild-type menin improved the responsiveness of the cells of the individual who was heterozygous for the mutation, but also further increased that of the cells from the family member not carrying the menin mutation such that the differential between wild-type and mutant cells was maintained (Fig. 4, A and B) . Therefore, the cells heterozygous for the splice-site mutation were impaired with respect to TGF-β-mediated transcription and the defect could be rescued by expression of exogenous wild-type menin. The menin Δ(184-218) mutant lacks the ability of wild-type menin to mediate a TGF-β-stimulated transcriptional response in endocrine cells-To assess the impact of the menin Δ(184-218) mutant on TGF-β-mediated transcription in endocrine cells, the Rin-5F or GH4C1 cells were transfected with the 3TP-Lux promoter-reporter construct with vector alone or with wild-type menin alone or with menin Δ(184-218) alone or with both wildtype menin and mutant Δ(184-218). Cotransfection 7 with increasing amounts (25-500 ng) of the wildtype menin construct resulted in increased responsiveness to TGF-β (200 pM) in Rin5F cells ( Supplementary Fig. S4A ) and GH4C1 cells ( Supplementary Fig. S4B ). Treatment of 3TP-Lux and vector only transfected Rin-5F and GH4C1 cells with TGF-β (200 pM) resulted in a ten-fold increase in luciferase activity. Cotransfection with the wild-type menin construct (50 ng) led to a doubling of the response to TGF-β (Fig. 4 , C, D, E and F). However, cotransfection with the menin Δ(184-218) construct (50 ng) caused no further increase in the response to TGF-β over vector only transfected cells. Cotransfection with both wildtype menin (25 ng) and menin Δ(184-218) (25 ng) to mimic the conditions in cells of the patient carrying the germline MEN1 mutation resulted in a response lower than with the 50 ng wild-type menin construct alone (Fig. 4 , C, D, E and F). Hence, the menin Δ(184-218) mutant lacks the ability of wild-type menin to mediate the TGF-β response. Under these conditions, it does not affect the response to wild-type menin. Cellular menin and Smad3 interactions-To assess the interaction of menin and Smad3 in cells, constructs expressing menin full-length and deletion mutants (tagged with GFP) were transfected into GH4C1 cells. Total cell extracts were incubated with GST-Smad3, subjected to SDS-PAGE and immunoblots were revealed with antibodies against GFP. All forms of menin tested interacted with Smad3 with the exception of menin Δ(41-277) (Fig. 5A) . Hence, the Smad3 interacting region lies within the amino-terminal part of menin. Menin interacts directly with Smad3-GST pulldown assays were conducted with glutathioneagarose beads coupled with GST alone or GSTSmad3 and in vitro transcribed translated [
35 S]-methionine-labeled menin and deletion mutants. GST-Smad3 interacted with all forms of menin, except the deletion mutants, menin Δ(41-277) and menin Δ(184-218) (Fig. 5B) . (Fig. 5C) . Therefore, while JunD and p65 interacted with the Δ(184-218) mutant as well as with wild-type menin, Smad3 was unable to interact with the Δ(184-218) mutant as it did with wild-type menin. The menin Δ(184-218) mutant demonstrates histone methyltransferase (HMT) activity-An important activity ascribed to menin -acting as a component of the mixed lineage leukemia (MLL) complex -is that of trimethylation of the fourth lysine residue of histone H3 (H3K4) that is strongly associated with transcription activation. About 50% of the few MEN1 associated missense mutations tested lack or have markedly reduced HMT activity but it remains unclear as to how essential this function is for the tumor suppressor activity of menin. Flag-tagged menin wild-type (WT) or mutants (Δ184-218, A242V, H139D or L22R) were transfected into HEK293 cells, menin proteins immunoprecipitated and equal amounts assayed for HMT activity. MEN1 mutants A242V and H139D had very low, or markedly reduced activity, respectively, whereas mutant L22R was almost as fully active as menin wild-type, all consistent with previous findings (11) . The Δ(184-218) mutant demonstrated good HMT activity, about 80% that of wild-type menin (Fig. 6, A, B  and C) . The 184-218 Smad3 interacting region of menin is on the surface of the molecule distinct from the central cavity that binds the MLL protein critical for the HMT activity-A homology model of human menin was generated from the crystal structure of the menin homolog of Nematostella vectensis (32) . The H139D and A242V mutants are within a part of the molecule (Fig. 6, D and E ) that forms the large central cavity that binds MLL (32) and their lack of HMT activity is fully consistent with this location. The L22R is within the first amino-terminal α-helix distinct from the central cavity (Fig. 6, D and E) consistent with it having HMT activity similar to that of wild-type 8 menin. Likewise the 184-218 region is located on the surface of the molecule (Fig. 6, D (Fig. 7A) . When serum starved lymphoblastoid cells were cultured in TGF-β and cell proliferation was monitored over 72 h clear differences were apparent by 48 h with the inhibition of the number of the mutant cells being only 50% of that of the wild-type cells (Fig. 7B) . Hence the mutant lymphoblastoid cells had an altered basal proliferative rate and impaired responsiveness to TGF-β with respect to inhibition of proliferation. (Fig. 7, C and D) . Cells transiently transfected with wild-type menin demonstrated an increase in basal expression (without added TGF-β) as well as increased TGF-β responsiveness of the level of p15 and p21 (Fig. 7, C and D) . Cells transiently transfected with the menin Δ(184-218) mutant exhibited a similar basal and TGF-β-stimulated level of expression of p15 and p21 to cells transfected with vector-only plasmid (Figs. 7, C and D). Similar findings were observed in the GH4C1 cells (data not shown). Therefore, the menin Δ(184-218) mutant is unable to mediate the TGF-β upregulation of the CDKIs, p15 and p21.
DISCUSSION
In the present study we identified a novel splice-site mutation in the MEN1 gene. The resulting protein product comprises a menin mutant that has an internal deletion of 35 amino acids, menin(Δ184-218). While the menin mutant mediated JunD and NF-κB transcriptional activities like the wild-type menin, it was deficient in mediating TGF-β-induced (Smad3) transcriptional activity. Lymphoblastoid cells from an individual heterozygous for the mutation proliferated at a faster rate and exhibited reduced cell proliferation inhibition in response to TGF-β than cells from an unaffected individual.
The majority (~80%) of disease-causing mutations in the MEN1 gene give rise to truncated proteins that are likely to be unstable and rapidly turned over. Indeed, the recent report on the crystallization of a menin homolog from Nematostella vectensis notes that, 'the threedimensional structure revealed that menin is a single domain protein and therefore the truncation of its amino acid sequence will invariably result in disruption of the menin fold leading to loss of menin function' (32) . Most of the other twenty percent of the mutations are missense and the majority of these mutants are targeted to the proteasome and are degraded (6, 7) . Therefore, the identification of a mutant with a small in-frame deletion that is stable is of extreme interest and contributes to the novelty of the study.
Germline mutations at the first nucleotide of IVS3 (but to a different nucleotide to that identified here) have been reported in other MEN1 cases; c.654+1G>C (39), c654+1G>T (40, 41) . Also, Kawamura et al identified a c.654+2T>A mutation in a sporadic gastrinoma case (42) . However no functional studies were conducted for any of these mutations.
Hai et al identified a substitution of guanine for adenosine at the third base of intron 3 (c. 654+3A>G) in a sporadic MEN1 case (43). Osthus et al found a guanine to thymidine change at the last base of exon III (c. 654 G>T) in family members with isolated hyperparathyroidism (44) . RT-PCR of RNA from patient cells in both cases revealed the same aberrant splicing as found in the present case with a cryptic splice site in exon III being used and 105 bases being spliced out. Delebenko et al identified the intron 3, c. 654+3A>G, change as a somatic mutation (carcinoid) and predicted that either two additional nucleotides (GT) would be added to the exon II coding sequence or that exon III might be entirely spliced out (45) . Patient RNA was not available for functional studies to evaluate these predictions. Karges et al, by cDNA sequencing from 9 parathyroid adenomas in two unrelated primary hyperparathyroid patients identified a transcript deleted for the 105 bp of the 3' part of exon III (46) . Analysis of genomic tumor DNA identified an intron 3 splice site mutation (c.654+3A>G) suggesting this as the cause of the aberrant splicing.
Roijers et al identified affected members of an MEN1 kindred heterozygous for a germline 26-bp deletion in the MEN1 gene spanning the last 15-bp of exon III and the first 11-bp of intron 3 (47). This mutation resulted in the same 105-base deletion in the menin mRNA and predicted 35-amino acid internal deletion in the menin protein as described here. The authors suggested that as the deleted region of menin had been implicated in binding to JunD this might explain the tumorigenic effect of the mutation, however, functional studies were not done.
Therefore, while other MEN1 cases have been described with the involvement of nucleotide changes at the MEN1 gene exonIII/IVS3 splice junction (and in three cases the altered mutant transcript was identified), no functional analysis of the mutant protein has been carried out prior to the present study.
Since its discovery as a novel protein over a decade ago, many cellular functions of menin have been identified. However, which ones of these relate specifically to menin's role as a tumor suppressor and when lost contribute to the development of MEN1 neoplasia is an ongoing debate. In the present case, we detected a menin mutant with a small internal deletion that formed a stable protein that achieved nuclear localization. Furthermore, lymphoblastoid cell lines from one family member carrying one copy of the mutant allele and from one normal family member were available. This afforded the unique opportunity to examine the effect of the mutant on the different signaling pathways impacted upon by menin.
Menin interacts with JunD (that is unusual in being an AP-1 family member that has antimitogenic activity) and represses its transcriptional activity (16) . Although it might seem paradoxical that one antimitogenic factor would repress the activity of another, one study has suggested that when not bound to menin, JunD acts as a growth promoter like other AP-1 family members (25) . In the present study, we found that the menin Δ(184-218) mutant bound to JunD and was capable of mediating JunD transcriptional activity as effectively as wild-type menin.
Menin interacts with NF-κB, p50, p52 and p65 transcription factors and represses p65 transcriptional activity (17) . The role of NF-κB transcription factors in neoplasia is difficult to assess with deregulation and overexpression in some neoplasms and lower levels of activity and expression in others. One study reported reduced (rather than increased) NF-κB activity in parathyroid neoplasia (primary, secondary and MEN1-related) (48). However, in non-MEN1-related parathyroid tumors, lower menin levels were associated with higher phosphorylated p65 levels suggesting that menin might act as a suppressor of the proliferative actions of the NF-κB pathway (48). In the present study, we found that the menin Δ(184-218) mutant bound to NF-κB p65 and was capable of mediating p65 transcriptional activity as effectively as wild-type menin.
TGF-β and family members provide cytostatic signals that limit G1 progression and cell proliferation (27) . TGF-β activates a membrane complex of serine/threonine kinase receptors that phosphorylates Smad2 and Smad3 that associate with Smad4 and the complex translocates to the nucleus where it regulates transcription in combination with coactivators and corepressors. Menin is a Smad3-interacting protein and inactivation of menin blocks TGF-β and activin signaling antagonizing their growth inhibitory properties in anterior pituitary cells (18, 28) . In cultured parathyroid cells, menin inactivation leads to loss of TGF-β inhibition of parathyroid cell proliferation and parathyroid hormone (PTH) secretion (29) . Moreover, TGF-β does not affect (decrease) the proliferation and PTH production of parathyroid cells from MEN1 patients (29, 30) . In the present study, we found that the menin Δ(184-218) mutant did not bind Smad3 and had lost the ability to facilitate transcriptional activity of Smad3 like wild-type menin.
In the nucleus menin acts as a scaffold protein to regulate gene transcription by coordinating chromatin remodeling (8, 9, 10) . It is implicated in HMT activity, and via this activity, regulates the basal expression of CDKI genes such as those for p18 and p27 (11, 14) . In a mouse
Men1
+/-model in which pancreatic islet tumors developed over time the loss of the wild-type Men1 gene preceded or accompanied the reduction in HMT activity (14) . Of the few MEN1 associated missense mutants examined thus far some exhibit absent or reduced and others normal HMT activity, respectively (11) . In the present study, the menin Δ(184-218) mutant exhibited HMT activity close to that of wild-type menin.
Recently, the first crystal structure of a menin homolog -from the sea anenome Nematostella vectensis -was reported (32) . The major focus of that study was on how menin, in contrast to its role as a tumor suppressor, is able to act as an oncogenic cofactor of MLL fusion proteins in acute leukemias. Menin is predominantly an α-helical protein with the core comprising three tetratricopeptide motifs that are flanked by two α-helical bundles and covered by a β-sheet motif. There is a large central cavity that binds MLL and the MEN1 missense mutant A242V that lines the cavity was shown to lack the ability of wild-type menin to bind MLL (32) . This is fully consistent with the finding of the present study that the A242V mutant lacks HMT activity. The knowledge of the crystal structure of the Nematostella menin gave us the opportunity to place the Smad3 interacting 184-218 sequence on both the Nematostella structure and a homology model of the highly conserved human menin. The 184-218 sequence is not involved with the central cavity but rather is located on the exposed surface neighboring the β-sheet motif. This is in agreement with the Δ184-218 mutant having good HMT activity like the MEN1 L22R missense mutant that is within the first α-helix in the molecule. However, like the A242V mutant, as noted above, we showed that the MEN1 H139D mutant that is involved in the central cavity binding site of MLL was markedly deficient in HMT activity. Therefore, these findings suggest that the mechanism whereby menin facilitates the transcriptional activity of Smad3 does not involve the MLL complex and further studies will be required to identify the mechanism(s).
The cytostatic effects of TGF-β are mediated in part by its ability to upregulate the expression of a subset of the CDKIs including p15 and p21. In the present study, patient lymphoblastoid cells heterozygous for the menin Δ(184-218) mutant had an increased basal proliferative rate and an impaired cytostatic response to TGF-β relative to the lymphoblastoid cells from the normal relative. The menin Δ(184-218) mutant was impaired with respect to mediating the TGF-β upregulation of the CDKIs, p15 and p21, in transfected rat insulinoma and somatolactotroph cells. The defective proliferative and CDKI modulatory properties of the menin mutant provide further evidence of the critical importance of the TGF-β signaling pathway in this particular case.
Menin is widely expressed from an early developmental stage and found in both nonendocrine and endocrine tissues (49). Mice heterozygous for genetic ablation of the Men1 gene develop endocrine tumors during their lifetime similar to MEN1 patients (50,51). Reduced TGF-β signaling has been noted in the tumors that develop in these models (52,53). Interestingly, the homozygous deletion of Men1 is embryonic lethal with fetuses dying at midgestation with defects in multiple organs (54). Evidence is accumulating of the importance of menin for the proper functioning of the signaling pathways activated by TGF-β ligand family members that are critical for development and maintenance of many organ systems (19, 20, (55) (56) (57) (58) . Therefore, the importance of menin in this particular pathway extends beyond control of endocrine and nonendocrine cells that when dysregulated lead to tumorigenesis.
In summary, we have identified a novel MEN1 splice-site mutation that leads to an altered RNA transcript. The resulting menin protein mutant that carries an in-frame internal deletion is selectively defective for the TGF-β-signaling pathway. This would identify the loss of this particular pathway as being critical as the first hit (according to the Knudsen hypothesis). The later, somatic mutation (second hit) in the wild-type MEN1 gene responsible for the MEN1 tumorigenesis may involve either the same or any one of several other growth-regulatory pathways in which menin is implicated. The abbreviations used are: TGF-β, transforming growth factor-beta; MEN1, multiple endocrine neoplasia type 1; HDAC, histone deacetylase; HMT, histone methyl transferase; MLL, mixed lineage leukemia; CDKI, cyclin dependent kinase inhibitor; PTH, parathyroid hormone; HPT, hyperparathyroidism. Wild-type and mutant sequences of the exon 3/intron 3 boundary. The restriction enzyme FauI recognition site present in wild-type but destroyed by the mutation (IVS3+1G->A), is bracketed (and the cleavage site arrowed). The FauI site retained in wild-type is shown on the restriction map of the exon 3 amplicon. Gel electrophoretic separation of undigested or FauI restriction digests of exon 3 PCR product from a normal individual or proband II-2. Undigested and FauI-digested exon 3 amplicon sizes are shown to the right. A homology model of human menin was generated from the crystal structure of the menin homolog of Nematostella vectensis (34) . Menin is predominantly α-helical comprising three tetratricopeptide motifs that form a central cavity and are flanked by two α-helical bundles and covered by a β-sheet motif. Positions of residues L22, H139, and A242, and the sequence 184-218 are indicated. The Smad3-interacting sequence 184-218 is on an exposed surface neighboring the beta-sheet motif. E. Structure of human menin rotated by 90° to show the central cavity that is lined by H139 and A242. 
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